The electrical stability of rare-earth implanted SiO 2 light emitting devices was improved by using a SiON dielectric buffer layer in an indium tin oxide/SiON / SiO 2 :Tb/ Si device structure. At the expense of a small increase of the electroluminescence threshold voltage, a large increase of the breakdown electric field from 7.5 to 10.5 MV/ cm was obtained in the SiO 2 : Tb layer, and the maximum injection current density was increased by three orders of magnitude from 4 mA/ cm 2 to 4 A / cm 2 . The operation time of the electroluminescence devices was increased by more than three orders of magnitude at an injection current density of ϳ4 mA/ cm 2 . Our experimental results are consistent with a theoretical model proposed for designing a stable and efficient thin-film light emitting device containing double-stacked dielectric layers.
Optoelectronics based on Si offers the opportunity to achieve higher data transfer rates and higher integration densities at very low costs. 1 However, the electrically driven, Si-based light emitter which is a key component of a complete photonic circuit is hard to realize. One of the most promising approach is the incorporation of luminescence centers into a SiO 2 matrix, as it was successfully demonstrated for Si nanoclusters, 2, 3 Si nanoclusters codoped with Er ions 4, 5 and different rare-earth ions. 6 Recently, we have demonstrated efficient electroluminescence ͑EL͒ from Geimplanted SiO 2 layers 7 and metal-oxide-semiconductor based light emitting diodes ͑MOSLEDs͒ doped with Er 3+ , 8 Eu 3+ , 9 Tb 3+ , 10 Ce 3+ , 11 and Gd 3+ . 12 These MOSLEDs typically reach high external quantum efficiencies between 1% and 16%. [11] [12] [13] [14] [15] The efficient EL from MOSLEDs is obtained by impact excitation of the luminescent centers with energetic hot electrons in the SiO 2 matrix. For Fowler-Nordheim ͑FN͒ injection and sufficient acceleration of the electrons in the conduction band of the SiO 2 layer, the MOSLEDs are often operated under unstable prebreakdown conditions with the electric field in the SiO 2 layers above 7.5 MV/ cm. Irreversible degradation of the EL intensity under constant-current FN injection was also observed due to charge trapping in the oxide layers. 13 These electrical instabilities cause a short lifetime of the MOSLEDs Castagna et al. 6 proposed a Si-rich SiO 2 matrix as the amorphous silicon network or silicon clusters in the SiO 2 layers allow the emission of more electrons from traps by the Poole-Frenkel ͑PF͒ mechanism under lower electric fields and a better electrical stability. However, the excess Si in SiO 2 causes a strong decrease of the EL efficiency due to the reduction of the average energy of the hot electrons through the PF and tunneling transport. Sun et al. 14 In this paper, the electrical stability of Tb-doped MOSLEDs is studied by stacking the SiO 2 : Tb layer with a SiON dielectric buffer layer. By changing the thickness ratio of the SiO 2 / SiON layers, the slope of the current-voltage ͑I-V͒ and EL intensity-voltage ͑EL-V͒ characteristics is modified. The maximum breakdown electric field, the injection current density, and the operation life time of EL devices are strongly increased without a reduction of the quantum efficiency of the EL. This concept is also applicable for devices doped with other rare-earth elements.
The MOS structures were fabricated by local oxidation of silicon with thermally grown SiO 2 ͑dry oxidation at 1050°C͒ on 4 in. ͕100͖ n-type silicon wafers. Tb + ions were implanted in such a way that the Tb profile is located at the middle of the oxide layer with a peak atomic concentration of 2%. After furnace annealing at 900°C in flowing N 2 for 30 min, a SiON layer with a thickness of 30-200 nm was deposited on the SiO 2 : Tb layer by plasma-enhanced chemical vapor deposition, followed by the same annealing process. Two sets of double-stacked MOSLED structures were produced: in one set, the thickness of the SiO 2 : Tb layers is constant at 50 nm and the SiON layer thickness is varied from 30 to 200 nm, whereas in the other one, the SiO 2 :Tb layer thickness is varied from 30 to 70 nm with a constant SiON layer thickness of 100 nm. The gate electrode is a 100 nm thick transparent ITO layer.
EL spectra were measured on a MOSLED structure with a circular ITO electrode of 500 m diameter at a constant current supplied by a source meter with a positive bias at the gate. The EL signal was recorded at room temperature with a monochromator and a photomultiplier. Author to whom correspondence should be addressed. Electronic mail: l.rebohle@fzd.de.
Here, C is the total capacitance, 0 is the dielectric constant of the vacuum, C Figure 2 shows the I-V ͑a͒, EL-V ͑b͒, and EL-I ͑c͒ characteristics of the MOSLEDs with a constant SiO 2 : Tb thickness of 50 nm and different SiON layer thicknesses. The EL intensity was measured by monitoring the peak of the 5 D 4 -7 F 5 transition from the Tb 3+ ions at 541 nm. 10 The threshold voltages of the EL devices are equal to the applied voltage for the onset of the FN injection of hot electrons from the Si substrate into the conduction band of the SiO 2 layer. This shows that the EL from the Tb 3+ is excited by hot electrons from the conduction band of the SiO 2 matrix. For MOSLEDs containing only a SiO 2 : Tb layer, the maximum current is limited to 4 mA/ cm 2 due to the destructive avalanche breakdown of the single SiO 2 : Tb layer at an electric field above 7.5 MV/ cm ͑not shown͒. By stacking the SiO 2 : Tb luminescent layer with a SiON layer, the maximum injection current density at breakdown is increased up to 4 A/ cm 2 . With increasing SiON layer thickness, the slopes of the I-V and EL-V curves decrease, and the voltage range between the EL threshold and the breakdown of the devices increases. Despite the considerable change of the I-V and EL-V characteristics, the EL intensity-current characteristics in Fig. 2͑c͒ do not change significantly with varying the thickness of the SiON layer. Under optimum fabrication and excitation conditions, the devices can have an external quantum efficiency up to 15% which is equivalent to a power efficiency of about 0.3%. B is determined to be increased up to ϳ10.5 MV/ cm.
In order to study the electrical stability of the MOSLEDs, the devices are stressed at a constant injection current of 3 A until the breakdown. The time to breakdown under such conditions is called the operation time in the following. We find that the maximum operation time of the MOSLEDs is strongly increased to values above 25 000 s when a thin SiON layer is deposited on the top of the active SiO 2 : Tb layers whose thickness is at least twice as much as those of the SiO 2 : Tb layers. This is three orders of magnitude longer than the typical average operation time ͑Ͻ20 s͒ of the MOSLEDs with a single SiO 2 : Tb layer. The best values for the operation time were observed for a thickness ratio of the SiO 2 :Tb/ SiON layers around 0.2-0.3.
For a MOS capacitor containing a single SiO 2 : Tb layer, the devices do normally break down after a few seconds. The reason is that under constant voltage, a strong multiplication of hot electrons in SiO 2 at high electric fields causes a rapid increase of the current, leading to a destructive avalanche breakdown of the device. In contrast, in SiO 2 / SiON stacked dielectric films, since the SiON layer has a larger dielectric constant and a larger conductivity than SiO 2 , when the electric field in the SiO 2 layer exceeds E SiO 2 th , the electric field in the SiON layer is still lower than its breakdown value, as shown in Fig. 3 shows that a further increase of the electrical stability of the MOSLEDs is favorable by using a high-dielectric buffer layer with a larger dielectric constant and a higher breakdown field than SiON, such as Ta 2 O 5 , HfO 2 , ZrO 2 , or TiO 2 .
In summary, we have demonstrated that the electrical stability of rare-earth doped MOSLEDs is improved by stacking active SiO 2 layers with a SiON dielectric buffer layer against avalanche breakdown. This has been demonstrated explicitly with a Tb-doped structure emitting in the green. It is demonstrated that the maximum breakdown electric field, the injection current density, and the operation lifetime of MOSLEDs are strongly increased with decreasing the thickness ratio of the stacked SiO 2 / SiON layers without causing a reduction of the EL quantum efficiency.
